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PROBLEM • . . ' 

The Advanced Simulator for Undergraduate Pilot Training (ASUPT) 
is a. research device designed for'it^ves^igatin'g the role of simulation 
in the future Undergraduate Pilot Training (UPT) program!.' For ASUPT 
to be effective in training ^re^earch, it must faithfully simulate all 
aspects. of flight. ; Thi§ includes not only the extra-cockpit visuaf* 
cues, but also the motion and forces exerted on the pilot by the 
'simulator, and all\of tha sights and sounds to which he is accustomed. 
This report describes the integration of these sights, bounds, and 
motions into. a coordinated, composite system - ASUPT.. 

The problem addressed iti this report is one of integrating two 
unlike components into one synchronized system. These two components 
are the' Basic T-37 Simulators and their various subcomponents developed 
by Singer under another contract and the Computer Image Generator, or 
CIG, developed by General Elefttric. This integration included not only 
the physical mating of the CIGwrstem with the. basic simtrlator computer, 
instructor-operator stations, yisvgl displays, and cockpits, but also ^ 
the computer software integration t>3k make the visual scene correlate 
'with the flight instruments and the real world. The problem represented 
the first of its kind in that it was the first' full digital visual 
system to be integrated with a state-of-the-art, high fidelity flight 
simulator. < # ' - 

APPROACH 

The selected approach to integrating the Basic Simulators and the 
CIG systems was one of planned organization. *An Interface Control 
Document ICD was drafted early in the program which identified the . 
hardware and software interface between the two systems. ^ The goal of 
the ICD was for each responsible .contractor to identify and quantify , 
each interface parameter well iri advance of the 'actual integration.^ 
Various working meetings were held among the Contractors and the Air^ 
Force and^plans ,for installation, 'cabling, computer ^integration, and 
testing wer^ established and agreed upon. After the computers were 
updated and integrated, the major problem then was one of changing the 
flight model in order to correct for deficiencies nol detectable without 
a visual system. 

RESULTS ' 

The integration was begun, in early October 1974 with the mating of 
the Baaic Simulators and CIG general purpx)se computers. After this was 

0 



^accomplished, the test guide was trial run through NoveSnber 1974. 
Formal testing of the interface began in December 1974 and the fully 
mtegrated/ASUPT w^s accepted by -the Air Fofce 17 Jan 75. 

CONCLUSION 

s effort represeifjts the first of its kind In simulation; the 
f a fully digital visual system with an advanced flight 

The success ©f this effort lies in the organization and main' 
n Interface Ccfntrol Document and the advanc'^ planning for 
ntegration of the ^computer systems. \ 




r 




PREFACE . ^ 

• 

This report is the 7th of seven volumes describing the Advanced" 
Simulation in Undergraduate Pi^(^ Training (ASUPT) system deycloproent 
program. The seven volumes of '^aIPHRL-TR-75-59 are as follows: 

^ Volume I: Advancea Simulation in Undergraduate Pilot Training: 
An Overview 

Volume II: Advanced Simulation in Undergraduate Pilot .Training : 
Motioft System Development 

\ ' 
Volume III: Advanced Simulation in^ Undergraduate Pilot Training: 
.G-Seat Development 

Volume IV: Advanced Simulation, in Undergraduate Pilot Training: 
Automatic Instructionarl System 

Volume V: Advanced Simulation in Undergraduate Pilot Training: 
Computer Image Generation 

lume'VI: Advanced Simulation in Undergraduate Pilot TrainiiJg^ 
Visual Display Development 

\ Volinne VII: Advanced Simulation in Undergraduate Pilot Training: ^ - 
Systems Integration . - 

Tbis project derived from a DOD Directive to the three Services 
requesting programs of advanced development in the area of training ^nd 
education. The purpose was to insure that military training and education 
-make t-he-rfullest. use of recent innovations and. technological* advances. 
In October 1967, a joint Air Training CommaRd/Air Force Human ResouTrces 
Laboratory effort culminated in a recommendation to establish an advanced 
simulation system at an undergraduate pilot training base* Hardware 
development of the ASUPT began in 1971' and the system was released for 
research in Jan 75. 

All members of the. ASUPT Program Office and participating organizations 
who worked on the program contributed to the final system. In addition 
to thd listed contract monitors, * they include Don GUm, ASUPT Program^ 
Manager, James Basinger, GIG Project Engineer, Israel Guterman, Basic 
Simulators Project Engineer, William Albery, Systems Integration Prpject 
Engineer, Patricia Knoop, Advanced Training Systems Project Engineer, 
Kenneth Block, Program Controller, and Virginia Lewis, Secretary, all of 
the Advanced Systems Division, Air Force Human Resources Laboratory, 
Wright-Patterson AFB OH; Warren Richeson, Capt Frank B^ll III, Maj Ray 
Fuller, Capt John Fuller, Capt Dennis Way, Capt Steve Rust, Capt Mike - 
Cytus, and Mr. Glenn York, all from the Flying Training Division, Air 
Force Human Resources Laboratory, Williams AFB AZ. 
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INTRODUCTION 

The ASirpT simulal5or/CIG integration effort is the first 
of itS' kind in the respect that it is the first full di^^ital 
visual system (ierrain and T-37 model) to be integrated with ^ 
an operational flight trainer. This report describes the 
problems and solutions associated' wi»th -the' accomplishment of 
this task. o^e may expect, some problems are common with 

taodel visual systems such as. ground reactions. Accordingly, 
other problems are'.unique to a digital system, such as timing 
.and iteration rates 7 . . . 

The ASUPT facility (located at Williams AFB, . Arizona ) 
consists of three primary systems (see Appendix A for a de- 
'scription of the ASUPT system): 

(1) Simulators 

(2) Visual System Displays 

(3) Computer Image Generator (CIG) 

The simulators and visual system displays were procured ^ 
by the Air Force *ander contract to Singer-SPD in 1973^. De- 
livery of the systems was made to WAFB, in the fall of- 19733 
with final acceptance by AFHRL in February, of 1974, 

The computer image generator (CIG) system was procured 
by th-e Air Force from the General ^Electric Company in 1972, 
• and was delivered and accepted at WAFB in September* 1974.^ 

In 1971," Singer-SPD contracted to integrate tha simulator 
and .CIG systems. Actual - integration began with 'the pf-ocure- •. 
ment of the CIG and was regulated and .controlled ^^y an SPD- 
generated Interface Control -Document ( ASUPT-59r monitoi-ed 
AFHRL. Computer integration began in October of 1974 and was 
followed by the. ASUPT/CIG integration which was completed 
17 January 1975 ' , • 

Prior to the final integration phase^* the following in-" 
tegration-pelated events were completed^. 

(1) Simulator visual interface subroutine/ development 
and stand-alone debug. 

(2) Integration of the visual interface programs 
with the simulator r.eal-time load. 

(3) Physical mounting^ cabling^ -and alignment of 
""CRT tubes, electronics, instructor station monitor's, etc. 

(4) Testing and .verification of the simulator and 
CiG systems in an independent but concurrent mode. . 



' o,,.^-^ u & Testing and verif ica.tioh ' of the "visual d1<^nlflv ' 
ma.1oreven?s- ^"^^^ration phase _consisted of the following" [ 

♦ , ♦ * 

« 

■ simulator' JLpL^r'" computer. complex and ^ " 

, (2) Basic simulator systems tailbring. ' 

(3) Total integrated system acceptante testing^ * 

Computer integration consisted' gf the following events: 

" ■ outer to fhl rif'i^''^ ^ simulator eom- 

! 4- u r C-Ib .general-purpose computer to allow interf acinar- 
• *of data betwfeen the two systems. .. interlacing 

^ 4- 4.- Cabling ^common CP!?, memory, and automatic innnt/ 

.ge1e^Sl!^^J??se=^f^Vc:;-^te^°L*^^ ^^^X.tlT"'' 

level tL^K^if pelJoSe^r.f ^^sL^mrEn^fnL^Jli* ' ' • 

Laboratories ^EL) under subcontract to Singer-S?D 

The i-emaini'ng two eveots, -basic simulator systems tailnr 

cu?ren wlth'tSlrLI • ^^^'^^ acceptance tesSHgrbegan'coS- ' 

Jamarv ?Q7^ ^^^^y.^^d were successfully completed 

S iluPV-k^^k. ^.V-^ ^^^"^^ results- are dJe^meSted 
dSrinL thJs-fi^? problems anticipated or encountered . 

♦ ' are ?he sib^>c?*n/?^?f''^*'-'''''^ .along witih their solutions, • , 
tlttlT^fJr ^'^PO^t- Problem>^ related to the -CIG 

system itself are not documented in this report • 

• Because of the demands of AFHRB'in requiring a well- ' " 
maintained Interface Control Qocfument . ( ICD)2 as f vehicle for' ' 
information exchange between .Singer-SPD and^-QenerS Ele"ctric 

ing in the cockpit and instructor stations) were minimal • ' 

ll^'^.^^^^l/ntegratlon began. Consequently, the major inte- 
gration effort consisted of upgrading or tailoring the bSsL ' 
simulator systems to meet the increafed fidelity feq^ired ^om 
?n th^v f' ? ^i^craft dynamics which manife'ste'd themselves 
in the visual cues. In addition, modification was necesllrv 
to correlate th^ simulator navigation data basef^h Ihf 5lG 

sLSatJr disJla^rTh ^^^^^^^.^he tlG environment' and 
bimuxator displays, such as cross-coaptrv track and rrix 
approaches. Addition of the visual, and reSJtinfmodtfi ■ 
Sead^on dynamics, also^ncreaseS tJmfng oJerl 

lation during worst-case syste°m^X^^g^^gio'^^1^^--;, 
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the b^ckgroan^ "(core and time) ' reqiliremefits of .tlTfe 'statQ-* 
ment of work '(SOW) it ^ * ' ; ^ . 

'\ ' 
Although the .basic simulator dynamic^ were designed from 
the beginning to meet raaolution requirements for a smoq^t^i 
visual display, certain/ problems *could only be^anticipaUed 
-and planned for; their'/sblutian, had to be addressed during 
the coi^i^se of actual iritegration when the problem could be 
seen. ' ' ' . - ' * ' ' 

OPTIMIZATION .... 0. • \/ ^ 

In order to meet' SOW specifications for spare ^co^^e* and- 
tim'e, and, to accommodate the' increased core and time de- 
manded by* inclusion of the visual interface modules and up- 

^gfading of the simulator dynamics, existing modules requp.red. 
optimizatiopi'. Without op.t imization, successful^ int,egration \ 
was not possible. 'The 'simulator wa^ capable 'of handling an 
average qonfdguration of both cockpits active with motion, 

*G-seat, and visual; however, placing one gockpit in a- for- 
mation flying mode overloaded every other frame. The ex-\ 
ec'Utive, although designed to distribute one fram,^/ s excesi ^ 
into another^s spare,, could not catch up, ' Simulation. fidelity 
degraded, operator software-driven displays failed, and 
training was impossible -until one cockpit was placed t)ff-line. 
Likewise, it was detex^mined that two modules, one computing 
formation flying irtertial axis separation and the other com- 
puting aircraft position, would have to be iricr'eased from^ a . 
7.5/'secQnd to a 15/second ' iteration rate to eliminate object- 
ionable^ranslational s-tepping and resulting pilot control • ^ 
probleins during formation flying. Examination of tijning sta- ^ 
tistics 'showed tnat "approximately 10 to 15 millisecpnds per * 
fra-me w^re needed to fit the load in th^ 66.67-millisec®nd ^ , 

.frame and meet spare time- requirements of 20^ percent** 'Initial 
optimization- efforts began immediately upon final integration 

^and^ continued throiighput the integration phase. ; These efforts 
consisted primarily of the following:' . - 

(1) Optimization 'Of assembler "and Fortran techniques 
e:^. , replacing sqjiare and 'divide functions with multiply- 
funQtions. ." " 

(2) Reducing the formation flyinf^ wake and down- 
wash model to comp/^te" dynamic effects on two lag aircraft 
wing points rather than four. * 

(3) Modification of the linear function inter- 
polator (LFI) Jump list' to allow slow computed functions to 
be' called at rates of 7.5/second rather than 15/second. 

» 

(4) Implementing faster methods for calling oper- 
ating system services. 

"(5) , Optimizing instrument drive ^ro>5rams to elim- 
inate unnecessary Fortran conversion calls. ^ ^" 



■ ' '1 4. '1 S^'l ■ JJlimina^'ing built-in but virtually unused 
• .test i'unctions^from. tha.mbtlbr;, 6-^eat, and' navigation sys- 
tem mfdule^. . • - 5- • 1= .J 

> ' ... .'(7), Disabling unnece^sarV interrupts. ** ' ' . ; 

»V Restructuring the module jump list to' provide 

bejAei* Ipad^ distribution. and Symmetry.. .- . • 

Signifi.carit results were achieved,, resulting in a core 
^ increase of approximately 8k- words . and time of approximately 
12 miiaiseconds/frame-. IT^e success of this effort resulted 
m the elimination of numerbWs, problems manifest^ed in-' ail- 
systems, npt just the visiial system., and allowed 'full >con- 
. figuration, use of ^the sim!!i].atory including the •'capability 
to peffm-m-b^tch, operations in the -spare frame or background 
time. . ■• ' •■ , ^ * • / ° • 

■- . ■ . * • . ■ ■ • • 1 . ' . ' 

VISUAL INTEIIFACE . ' * ' - 

.Modules/" ' *^ \ f * ^ 

•> , ' * - * * 

\ Three modules were^ developed , to perform the func1:ions ' 
. necessary to- interface the basie simOwLatotr with .the CIG 
and thejr-are: ; # , • * « „ ' . .'^ 

' • . ; ^ I ^ 

. (1) Visual Fast subroutine ^ ^ 

• ■ (2) '.Visual, Slow subroutine- - ^ , . 

(3X- Visual Logic subroutine ' ^ ' * " ' 

^ Ttie Visual Slow subroutine is called -once pef second by » 
.thq simulator executive. It computes the sines and co^iAes 
, of the. angular tcorrections necessary to correct the' flight • 
l^M^"^'^ heading to. map heading. This correction " 

contains both the transport -angle and the' meridian conver- 
gence. The 'transJ)ort angle is emplpyed by the simulator ■ 
navigation programs aS well as the Visual Slow subroutine ■ 

transform flight heading to spherical eayth (true) heading 
The meridian convergence correction is oe'cessary to com- 
l^^ltl transverse Mercatoi- mapping scheme, to which 

the CIG environment^ data base is modeled. 

The Visual Logic subroutine' is called 3.75 t.imes-per • 
second by the simul^or executive. It performs logical com- . 
putations such as"vi§uqrl reset, oh,-' off , crashfetc. ' 

,The Visual Fast subroutine is executed 30'times per • 
second.. It computes (and' interfaces with CIG) the simulator 
position and.attita^ d,atQ for cockpits A and B and the lead 
aircraft when ;Ln -a formation flying mbde. Unlike Logic .and 
Slow> subroutines. Fast subroutine Ife not executed -bv the 
execut;!^^ ^U^v-directl-y^by a 30/sec6nd interrupt handler. ' The 
handloa^innurn is ln;iteked at a 30/second rate by a clock 

■ ' . ' • 138 



originating in the GIG speciAl^purpose computer t\iat leads 
the video frame by 10 milliseconds. This lead 'allows the Fast 
subroutine to make the position and attitude updates before 
CIG starts its frame. The direct connection to the inter- 
rupt hand.ler v/as necessary because the executive could not 
support a 30/second rate (l5/seconJ is^maximum)" with a. fixed 

•33.33 millisecond if^terVal as required and shown in figure -.1. 
Extensive modification to the executive and module jump list • 
would have been necessary. The fixed interval was necessar;^^^ ^ 
in order to compute an accurate transport- delay compensation' 
and lekd prediction for the interfaced {Position and attitude • 
data-in the Visual Fast subroutine. V/hile the direct method 
eliminated the need for executive modification/ some special 
considerations were necessary. Tlie Visual Fast^ subroutine ■ 
Ijad to rmet the restrictions,^ imposed upOji inter'rupt-connected 
softwa^^e 'elements . Specil^ically^ "the Fast subroutine could ^ ^ 

•not'use common datapool temporaries, ^d • math library sub- 
routimeg since it cou^d interrupt other executive-connec-ted, 
modules using -these elements ^ thereby changing their state. 
Consequently^ all temporaries and subroutines used in the 
Fast subrcfutine were made local.. ^The penalty for this was 
a nlinor increase, irf core overhead of approximately 50 words,. 

Simulator/CIG Interface Data 

Four blacks of fixed-point arithmetic and discrete data 
. are, transferred' between the^ simulator and 'ciG computers. One 
block is**Eiedicrated to cockpit one to cockpit oY\& to the 
lead aircraft (cpckpit Bj or the AIOS emulator)- when in a 
formation flying mode,, and -one block to cockpit A and B miscel- 
laneous discretes-. This, data is .detailed in tables 1^, 2^ -and ^ 

'3. • • ' ' . : ' ' . 

Because of the Interfacje Control Document (ICD)^ .no ^ad-^ 
dressing-, resolutions or definition problems were ^encountered ' 
In interfacing this data. 

The method of , transferring 'the data between. the basic sim- 
ulat02|^and, CIG was specified to>^be by means of shared, core. 

.Pr.i^3^'-Xo final integration.; thi-sn^;&hod was ^^analyzed and shown 
to pos% a potential problem for the .following reasons. Al- 
tnough the CIG computer was required to move the interfaced 
data to a local (non-shared) area in its own QOKe^ no guarantee 
or protect feature could be designed to safegipCrd against CIG 

^read/writd access to any address in the shared 8k area which 
comprised'80 percent of -the simulator datapool. " (Minimum 
shared core^in the SEL 86 system is on 8k word boundaries.)/ 

Thereof ore,j it was possible for the CIG system to overwrite 
simulator ^fvariab'les^ resulting^ ^n degraded performance or 
undefined simulator system aborts- and CPU halts. 

> / 
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CONTROL POSITION CHANGE MADE JUST AFTER TRANSFER OF A/I'S TO CORE MEm6rY. 
INFORMATION MUST WAIT FOR THE NEXT TRANSFER. 

INFORMATION TRANSFERRED TO CORE MElftORY. READ BY FLIGHT 

FLIGHT/NAV COMPUTES STATE CHANGES. PASSES NEW INFORMATION tO CIG INTERFACE 
PROGRAM i 

UPDATED INFORMATION AVAILABLE FOR SIMULATOR A/O'S 

CIG INTERFACE PROGRAM COMPUTES NEW VISUAL STATE VARIABLES AND PASSES THEM 
JO CIG COMPUTER VIA SHAH^D MEMORY 

CIG SOFTWARE/HARDWABE REQUIRES 83 MS TO PRGCES4 UPDATED STATE VARIABLES 
RESULTS OF l ARE DISPLAYED BY VISUAL CRT'S. 



tOtal-delay»='?93 milliseconds ' ^ , - ' 

NOTE BEST*CASeOCCURSWHEN 1 ARRIVES AT LINKAaE'JUST BEFORE ANALOG INPUTS 

are' TRANSFERRED TO CORE^MEMORY AND IS 67 MILLISECONDS SHORTER (126 MS). 
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Anoxher anticipated problem with regard. to shared core 
dnU"^^^^ T""-^^ errors Frequent parity errors occurred 
fnii^f^o^^K °- ^^sic simulator, it therefore 

followed .that increasing demands on an 8k memory module could • 
result in a prohibitive increase in parity errors and ex- 
ercise downtime. . 

To prevent these problems, an alternate method of transfer- 
rirs^^ the required data was. studied. In this, approach, blocked 
da. a IS exchanged hy means of the SEL 86 automatic input output 
system together with device contJ^ollers. and data terminals. The 
above syste-i would jbe under program" control ' arid therefore would 
have more potential for safeguarding datapool and would decrease 
.he potential i or, parity .errors through elim.ination of the ad- 
ditional active shared memory. I-Jhile this was a desirable' feature, 
implementation would have required development and debug of - ' 
handlers in both the basic and CIG systems and increased hard- 
ware complexity with its potential problems. It was therefore ' 



_ decided to implement the shared-core technique despite its 
potential risks. During integration, jvery few parity erroi. 
^ . occurred and no actual invali^.CIG system memory accesses Were 

encountered, in general, the shared-core "approach was straight- 
forward, simple to implement, and* problem" free . 

riG/Siraulator Synchronization 

' ■ ^".^ ^^^i^r ^^^^ ^^'^ eacl^data transfer from the simulation ' ' 

computer, the corresponding frame of video wae displayed, and to 
insure accuracy for the numerical transport delay compensation 
in the visual interface subroutine, frame synchronization be- 
tween the simulator and CIG was npcessary. Since .the video frame 
rate was 30/second, the same as the basic simulator half-frame 
rate (the basic simulator rate is 15/second), no' special sync * 
probJ^ms were envisioned "other than implementing a technique.- 

"^^^ studied. TTie fir^t idea was to allow the two 
systems to run on iiidependent 30/second clock sources with the 
simulation computer monitoring and adjusting for drift due to • 

Idei^ltTtn f 1 one-secon(3|intervals-, 'and the second- 

idea was . to select one -system' s clock al master with- the other 
system slaved to it. Both methods reqSred babling to exchange 
felsib?e ftT' yi^-^.i^^errupt. ^if^the first- me tSod waf . 
' for dr^?f l^'^^'^'^f additional software ^to monitor and adjust. ^ 
iccurlfl rrL ? independent clocks and thereby did not guarantee 
^ - accurate frame-to-frame synchronization unless the monitor 

executed at the clotfk rate^f '30/second . This monitor would 
• add significant system tim% overhead at a 30/second rate in a 
system already heavily loade*g. TTie second method however did 
?n't?^ SrS^ fr*^! .synchronization, and -the' interrupt structure 
Jn-^h?c f °6.with Its program^control capability lended itself • 
to this technique Snd hence was the employed method. TTie onlv 
software modification necessary was to incorporate a three- 
^hf f- 1^°? interrupt handler to receive and gate the clock to 
the simulator computer interval timer, which already served as 
its normal mdepend-ent clock 30/second ^ou-rc6. Thus, l5o the 
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simulation 'software, the synchronization activity was non-inter- 
fering ""and transparent^ The three-instruction handler added a 
small (approximately 2.5 microseconds) timin.f overhead per inte,r- 
rupt. * ' • ** ■ 

The comouter image generator, rather than th*e basic simu- 
lator, was selected as the master to relieve CiG of the burden 
of system* Sijgichronization because there was available in the 
CIG special'purpose computer a hardware generated 30/second •clock 
from <the same timing network being used to time the three riG . 
system computers. This also assured a total common system clock 
r^solutiSn. Hardware was. required to make the clock externally 
available. A shielded cable was used t^ route tlie signal to the 
• simulation comouter (aoproximatei/y 6o feet). To insure immediate 
software handling, the-clock was connected to the highest a^fail- 
able external interrupt (system^ override) on the simulation jcom-; 
puter. ' / , _ • I . ' 

* A potential (prolplem existed in using this level. Becau 
the system (?verr|ide is higher in priority than the peripheral 
device d^irect mekory access transfer interrupts, its active- s 
could interfere^ with a data transfer .sequer^ce on a high spe^d 

. device (e.§./disc) causing -a data losr Condition. Consultation 
^ith SEL-86 engineers revealed,' howev^, that this problem would 
only 'occur if the interrupt was active longer than 8 micro-1 
seconds. For this reason, no tasks or services other tl^an gating 
of the interrupt * down to the lower' level interval timer was 
signed Into' the ClO interrupt handler resulting in an executi 
•time of approximately 2.5 microseconds. ^ ' f 

Should interrupting the input/output structure have been a 
problem, the altel^ative was to use a lower external level, 
next available lev^el however was in priority behind all other 

• interrupts in the system. This represented potentially exces- 
sive service delays wi^Kh an inconsistent frame interval during 
periods of high ihtejrrupt activity which is common ^in a multij 
level task orientated operating system with foreground/back- 
ground capability^ • . ^ ^ 

A fallout advantage of using this level aj^so resulted. ' It 
was considered necessary to design into the ''Basic support soft- 
ware a methop for selecting the simulator clock or the CIG clock, 
This would allow independent asynchronous operation of the simu- 
lator should 'a maintenance problem davelop in the CIG special 
purpose clock hardware; .Special software incorporated into, the 
simulator executive wouia have been necessary tp provide the 
above 'service. Howevoy, the system override level has a hard^ 
ware enable/disable feature via a key -operated switch on the , 
„SEl'86 console which in effect performed this function. Thus, ^ 
sel^ct^ion of clock source and the capability of simulator-depend- 

or independent operation was, simply determined by the' turn 
'of a key;, without the need for additional software. 

2i) 



, This ingenious method of system synchronization was not only 
, , simple but proved to' be problem-free during the course, of inte- 
gration. 

* * 

TRaUSPO RT DELAY . " . ^ ■ ' w 

, ' •* 

■ ■ .Because of the time required by digital ■ computers to perform ' 
the 1-ogical and mathematical tasks assigned to them, real time 
digital simulation consists of the instantaneous sampling of 
pilot activity (fligJ^t control positions, switch positions, • /" 
etc,), computation of the effects. of this sampled activity on 
the simulator state variables, and feedback of the effects of the 
- updatfed state variables via instrument indicator light, motion, 
. and visual displays, pis cycle is repeated at even time internals 
whose length is determined by the speed of 'operations in the - • 
computer and the size of the taskload to be. performed. The ASUPT 
system, having a large taskload, cycles at a maximum rate of 15 ' 
Iterations per second. All computer input-output and flight I 
.dynamics programs operate at this rate, while other rates (7 ik/ 
second, 3.75/second, and l/second) are employed by less time 
critical programs. 

, _ An undesirable result of this ' iterative seheme is that some 
mcrement of time_ (referred to as transport delay time) must 
pass before the simulator pilot is .provided with feexJback rait- 
ing fVom his control activities. U the "transport delay tinl 
IS exceasive, the pilot must learn not only to anti(?ip^te thl 
dynamic response of the aircraft bei^ig simulated, but to comf 
pensate for the delays involved in presenting that response to' 
him. The impact of transport time delay is dependent upon t£e 
control response axpecrfed by the pilot, and his ability to 'Adge ' 
—Jhe presentation ^ that response. For instance, transport! 
delays m thg ASUPT latitude/longitude 'ihertial position coJ 
putations (originally computed-at 7-5 iterations per second^! were 
. not a factor for any ta^ except formation flying, where jie&r 
accurate judgment ofL_translational rates is required. InfrEsing ' 
the mertial position iteration . rates to 15 per second resSted 
m vast improvements in formation flying positiqn control, .but 
had no noticeable impact 'on other tasl^s such as approach am 
landing- maneuvers. The greatest impact of transport delay 'is in 
the conti-ol of aircraft roll position. The T-37 aircraft Has low 
roll inertia coupled with powerful ailero?^g" and light control 
forces, resulting in roll response ^ which is. rapid -and positive. 
Inclusion of a visual system in the simulation provides, with its 
horizon extending 'the full width of the pilot's field of view, 
a far more precise indication of roll response and dynamics than 
is available from attitude instrumentation. ' 

' > • w 

.* • ; , 

Unde'r the limitations of computer time loading as -reflebted 
by maximum available iteration rates, transport time delay "'in 
the ASUPT system has been minimized. Figure 1 graphically -'dem- 
onstrates the worst case visual time delay for primary control 

(elevator, aileron, rudder) applications. The difference be- 
tween worst-case and best-case time delay is due to the fact that 
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the simulator pilot may make control ad.iustmen 
but control positions are sampled by the simul 
-at 66,67 millisecond intervals. rhe 83 millis 
the visual system sof tv/are/hardware is indicat 
amount of computatiion required to convert the 
and positional data into a representative visu 



"The exact rmpa.ct of the 126 toa93 millise 
lay Tine upon the ASUPT roll controllability i 
other problems are thought to exist in this ar 
Attitude Control'). General consensus among th 
volved v;ith the ASUPT visual integration is th 
should, ideally, be reduced. Stich reductions, 
require faster computational equipment in orde 
iteration rates in the simulation computer and 
millisecond delay in, the CIG system. 



ts^at any time^ 
ator software only 
econds required by 
ive of nhe massive 
simiilator 'attitude 
al display. 

cond transport de- 
s unknown^ as 
ea (see section on 
e personnel in- 1 
at these figures 

however^ will 
r to provide faster 

to reduce the 83 



Time Compensation 

The visual interface equations employ the Taylor series for 
f(t -fAt) in order to. compensate the visual inter.face arithmetic 
data. for differences between the time for which they are com- 
puted and the time ^t which they will be displayed by the 'visual 
system. 

, The integra.tion ^scheme used in the ASIJPT flight dynamics 
equations provides results as follows ( see'^T igure 2): 

• (1) Analog inputs at time (N) are^used to compute 
accelei^ations at. time (N) 
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Figure 2. FLIGHT/NAV MID DISPLAY 'TIMING 



, ocities al'^N+tf''^'^^''' ^""^ integrated to give vel- 
at (N+2) 'Velocities at .(N+l) are Integrated to give positions 

All of the above parameters kid fas a result of thP inf<=- 
fS?n°?n^°r''^^^^) velocities and (|+?) posit Sns aJf " 

?SSe 2 '''' interface cycles labeled If) aL% as showS in 

The Taylor' series is: 



j^f tfme (t) is assumed to occur at (N+l) 

i . . . At2 / At3 



■ 

f(t^jf At) = f(N+l) +Atf(N+l) + f"(N+i) + f"f(N+l) . . 

where At is, so, far, undefined. 

Since f"(N+l), the acceleration ' at time (N+1). and all hieher- 
the first two tBrms may be used. ■ ^ ^ -^o' 

f(,t + At) = f(N+l) + Atf'(N+l) - 

TimP^Jf °^ ^J^''^^?! established by reference to .figure 2. 
Time (W+1) occurs 6? milliseconds after time (N), whereas the 

^^"^^ (N-'-l) 127 milliseconds and ' 

IbO milliseconds after time (N)-. 

* At 0 = 126- - 67 = Go 



ms 



A t (g) = i6o - 67 = 93" ms 

of 'tS'^L^'^t-^i-?^! extrapolation basis because 

fL uL n^ ^^'-l^l^ Pf veloci-ty (N+1); however, this results in 
the use of -a position term which is one iteration behind the 

mav bp n?pd tn''.^^''? available (N+2). The (N+2) position terms 
may De us^d in the fallowing manner. ' . 

Assuming: 

f(N+2) = f(N+l) + 0.067f '(N+i) 
where Q.06T is tfte 15 iterations .per second quadrature inter^l. 

ERIC i . '^'^ 18 - - ' . 



+ Atf (N+1) 



\ 



\ 



-7 ms 



f(N+l) = f(N+2) = 0.067f' (N+1) , . 
Thenj • \^ ' - 

f(t'+At) « [^(N+a) = O.067f' (N+1) 

= f(N+2) + (At - 0.067)f ' (N+1) 
Resulting only in new set of At's. 

f^f + At) = f(N+2) + Atf' (N+1) 
where : 

,-'At = 26 ms ' 

This format is used for the lead block data^ all trans- 
lational terms and^ originaliy^ cockpit A and B- attitude terms. 

When problems wereN.encountered in attitude .control, the 
f"(N+l) term was a^de'd to cockpit A and B attitude computations 
in the follow^ing Jfianner \f " (N+1) is not normally .available ) . 

\ 

Assuming: 
- f"(N+l)' = 'f"(N) + 0.067f"'(N) 
where O.067 is the simulator quadrature interval. 
Then: \^ \^ 

. f"*'(N) =°[f"(N+l) - f"(N)] /0.067 

By Taylor series for f (N+1): 

\ \ (0.067)2 

f-'(N+l) = f'(N) + 0.067f"(N) +^ 



■ 2 



(0.067)' 



f'(N+l) = f'(N) + 0.067f"(N) + 

. i^olving for f "(1^+1): 

f"(N+l) = — ^ rf<(N+l) - f'(N)l - f"(N) 
0.067 ■ 



f"'(N) . . . 

f'^(N+l) - f".(N) 
0.067 
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'employed?^ the ..third term to the Taylor series, as p^reviously 



f(t + At) = f (N+2) + Atf ' (N+1) + 



which reduces to: 



f(t + At) = f(N-2) + f '(N+1) 



At2 


.2 


) + 






2 


t 


0.067 


At 




At 1 


1 +" 






O.O67J 



[f'(N+l) - ,f'(N)J-f"(N) 



At^ At^ 

- f(N) — -f"(N) 

■■■ • 0.067 21 



Where all terms are availabl.e during CIG cycles Q 



and d). 



Addition of the Taylor series third^term rekilted in some 
improvement m smoothness of - the visual Vesentafelon, but did not 
markedly increase roll controllability. Significant impJovemeS? 
was noted, however, in ground, contr^ola-s" ?e|ards the pres|™on 

?L^f ^^^"gf ' ^h^i^ coordination-Sith lateral trSnslaUon. 
Since other problems are thought to exist in the roll control 
area, the improvement was' considered significant epough to retain 
thi« compensation format in all three attitude axes if spite of ' 
the added computation time required. ^ • ^ 

It should be noted that time compensation schemes such as 
this cannot eliminate the "effects pf transport delay. Even 
though the freshest possible information is used in the visual 
presentatipn, and extrapolation may be employed to time-com- • 
pensate this mformation, no change in the visual scene caS occur 
as a result ofv^ontrol inputs before the transport delay time 
has elapsed. Tjie ASUPT. system includes a fixed At teYm, s«d 

into AtQ. and At^ ,■ whose value- is adjustable via Instructor 

input. Attempts to provide more visual lead via this term re- 
nSJ p?/? objectionable I'ack of smoothness in the visual dis- 
play. Pilot preference, m fact, resulted in a "backwards" 
extrapolation (negative filled At) for the attitudes. This. was 
however, predicated on pilot evaluation of roll ^-esponse lAd ?s 
thought to be affected by the af orementidned roll control^ro- 

(or """^^ ^^^'^ transport delay and changes in 

IS^i ? of) time compensation are perceived by pilots as changes 
in the dynamics Of the simulated vehicle. Transport delay must 
be minimized and propej: compensation schemes utilized in simu-- " • 
lators employing visual systems, especially where highly responsive 
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vehicles- are being simulated. Investigations should be carried 
out to detfermine the exact effects of transport delay arid com- 
pensation schemes^ and to determine what^-^if any, methods may be 
used to minimize the effect of transport delay .on^ the.pilot-^s 
ability to control the simulator. ^ r 

Cue Correction ' ^ ^ , i:/^ 

An important consideration in thfe integration of a visual 
system ig the coord inati^on, in both* o^iset time and -form, of* ■ 
visual cues and kinesthetic cues* The ASUPT ^simulators are- 
equipped with a .six-degree-qf-f reedom motion system and G^rseats. 
The G-seats are capable, via air pressure activated cells .mount- 
ed under, the seat cushion, of slight reorientations Qf the pilot ^s 
body position with respect to the cockpit erivirofment and of.^ ^ 
applying differential, tactile pressures to his tH'igh, buttOcks, 
and back areas. 

• These kinesthetic systems experience transport deLays- in the 
same manner as discussed for the visual syslem, but not necessarily 
of the same magnitude. -Variable lead/lag compensation is pro- 
vided to the kinesthetic systems, but as was found with the 
visual system, excessive lead degrades system performance. 

The problem ^presented is; given two. systems^ (visual and 

Kinesthetic) whose onset cues will^ be presented . to. the pilot at 

slightly different times, both of which are some At; s behind" the 

pilot action initiating them, should each 'system' be independently 

optimized, or should the faster system be slowed down'' to cor- 

respond to the slower system (assuxnirig, of course," that the slower 

system has already been optimized)? *The solution will requ?-re * 

further investigation and analysis-. * ' ■ 

* * * * . * ' 

Also of interest is the form of the onset cues".. • Tlie td^ne 
compensation equations were foand ta be of significant value 
in altering the -form of visual onset cues' in the ASUPT -systerti. • 
Essentially, in the case of roll; the pilot ' s 'vi^ual^ perception 
of roll acceleration was altered by employment of a "backwards" 
extrapolation term inyhe visual attitude equations. Extensive 
instructor inputs are provided in the ASUPT s.ystem for altering 
the kinesthetic drive concepts with regard to transfer function • 
poles and gain^, cue shaping functions, and cue acceptance ^or 
rejection. Further investigation is being t^arried out -^^concerning 
the interrelationships between' kinesthetic and visual cues'^^ahd^ 
their effects on pilot performance.' 



, PLIGHT . . ■ 

Attitude Control ^ . V*" 



• ,. . - 

One of the major problem areas encountered during visual"* 
integration was 'that of attitude control, ffeither the nature of 
the problem nor the attem-pted solution are unique, to the ASUPT ' 
system.^ /ftie'p^blem centered on roll. Although there was also 
a minor, pitch control, problem while yaw was problem- ftfee • • . . ' ' 

. ' \ . ^ ^ . 

» • 

: . . dynamic pitch response to elevator movement was in- " 

^ itially deemed, to be excessive by the acceptance test pjlots 
Although pilot-induced oscillations were .genemlly not enoount:- 
ered, excessive attention to pitch control was required, thereby 
un^ealistically increasing pilot workload.- Satisfactory results 
were ^obtained, by -increasing both pitch damping due to pitch rate / 
•and Pitch dampingdue tq the rate of change of -angle of attack. 

Of interest, is the fac*^ that the simulator displays a vei^y 
poorly damped .phugo id mode (unlike the aircraft).' Several attempts," 
, largely centered on dynamic drag modifications, were made to cor- 
rect" this. No succes-sfu.1' means was found of achieving good 
•phugoid damping without adversely affecting otber simulated 
-areas, and further efforts '.were terminated when the -modifi- 
cations to short-period pitdK . damping provided afi easily con- 
trol^-able system. . - _ - 

^ -Roll - L.ateral control problems' wene magnified in the vis.ual 
integrat?.on task. These problems are summarized as follows: 

• (1) Inadequate aileron power in the low airspeed 

(landing approach and sXow flight) t^egime. 

• ('2). Low aileron *st:ick forces in the slow flight regime. - 

(3) Inability to dynamically control bank angle^ re- 
sulting in roll overshoot, and pilot induced oscillations. 

The first two problems were^ satisfactorily solved by modify- 
ing aileron roll-pAwer and aileron hinge moment' coefficient in 
"the applicable dynamic pressu^:e ranges.^. -r ' 

The third-^probleni however^ proved ,to be far more complex. 
-The aircraft roll axis is 'characterized by relatively low inertia 
'and relatively high cbntrol power. .Pilots expect' immediate and / 
positive response of the aircraft to control position inputs, 
with accelerations into and put of steady roll rates being both ' 
rapid and smooth. The problem is further complicated when the 
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roll axis is being itsed to control late*;al translation .in ordfer 
to establish a ground track (landing appl^oach) /or relative posi- 
tion (-formation flying). ^ • • ' 

Initial problems -were manifested by the inability to roll the 
simulator. to a desired bank angle without' oyershpot and sub- 
sequent pilot-induced oscillations. Included ^Wre pilot cpmments 
that control feel was * improper.^ and difficulty was experienced • ^ 
in finding neutral stick position. While the, greatest 
difficulties^ were observed during formation flight and. landing 
approach^ roll, control was considered ^to be unacceptable through- 
out all flight regimes. Increases were made to aerodynamic roll 
damping, (to/improve. stability)' and aileron roll pov;er (to main- 
tain roll rates). Little could be-^done during the integration 
effort with the control stick force feel^^ since this is largely 
determined by controil, loading hardware. Aileron hinge moment 
per d'egree of aileron deflection is output from the computer to . 
the hardware at 15/second^ but ideally this should bg even higher, 

Figure 3 depicts stick f orc^position and a breakout -force 
function deemed desirable^. This involved considerable^ hardware 
redesa/gn^ and therefore*^ such a function wa-s not p'ossible. In- 
steady a "deadband^* function was placed in the stick position 
versus ailBron deflection computation (,see figure k)\ . V 

, . Both the breakout function and deadband function- have the 
same effect on control stick force versus roll rate; sojne force 
is requited before any roll acceleration is developed.' 'The two 
differ^ however, in that the breakout function does not allow any 
'control stick movement until the breakout force level has been 
exceeded^ ^hile the deadband function allows small control stick 
movements with no resulting aileron deflection or roll acceler- 
ation^ thus improving the odds that when the pilot places the 
control ^stick at what he. feels is' the neutral pointy th^re -will 
be z.ero aileron deflection. 

The^e .changes resulted in .a control response and feel satis- 
factory to the acceptance test pilots. Problems arose ^ however, 
^ when pilots not pr'^viously exposed to- the system were, asked to 
'evaluate the simulator. All had difficulty with roll control;, 
especially in finding and holding* the wings-level position. 
This situation phenomenon had been previously^ encountelred . It 
seems to result from the improvements which had been madej in 
roil control^ during basic and vifeual acceptance, combi^netl with 
the large amount of simulator flight time accumulated by/^the 
acceptance test pilots thereby conditj-Oning them to 'the simulator 
Relatively speaking,^ the simulator had becme much more like th^ 
airplane^ and the differences in controllab%^ty which remained 
were not felt to be detrimental 'by the acceptance pilots^ who 
had subconsciously learned to 'compensate human control functions 
to overc<)me deficiencies in" the simulator. This occurred in 
spite of the fact that the acceptance pilots^were flying T-37 
^ireraft as well as the simulator. 
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Figure 4. AILERON DEFLECtlON VS. CONTROL POSITION 
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Subsequently^ several changes to the simalaT:or sofi:wa're were 
attempted in a further effort zo improve roll controllability. 
These inci^J^ded modification of the r9ll and ya\: axis aerodynamic 
coefficients^ adjustment's to zYie aileron hinge moment coefficient^ 
and replacement of the control position versus ailerort ^deflection 
deadband . with variously shaped functions. None of these changes 
were successful. 

Further investigations are being performed in the areas of 
control feel^ improved aerodynamic data^^and motion effects. A 
significant lin5itation may be the visual system transport delay 
time. Transport delay time rfiay be defined as * the time elapsed 
between a flight control movement and the display Qf the results 
of that movement by the visual , system. It exists as a conse- 
quence of the iterative natiM^ of th§ simulator computer software 
and the computer time required by the simulator and visual soft- 
ware/hardware sysT:eFns to complete the computations required to 
present a change in the visual, scene resulting 'from^control move- 
ments. Transport delay in the ASUPT system has been optimized 
(under the limitations of the simulator computer quadrature 
interval and visual system delay) t.o about 126 toi 193 milliseconds. 
The range is due 'to the sample rate 'of the simulat*or's analog 
input system (15 samples per second given 67 milliseconds between 
samples). V/hile these^^mes seem shorty they are thought ♦to'be 
above the threshold of human p.erception of the response of h 
controlled object. 

Ground. Control . - ' 

The basic ground reaction equations employed in ASUP'T ar^e • 
a relatively complete model in which longitudinal and lateral 
ground contact forces are computed for each tire/ and static 
and dynamic vertical force? are computed for each strut. These 
forces are then resolved- into aircraft-axes force and moments 
which are passed to the dynamics equations for summation with 
the aerodynamic and engine forces and moments. The ground 
reaction equations are executed at the highest available iter- 
ation rate (15 per second in ASUPT) . 

Simulation fidelity is required in the following areas: 

(1) Taxi' . ^ 

(2) Takeoff run 

(3) Landing rollout 

Required effects to be displayed are: . ^ 

. (1) Ci^ss wind 

• • i 

(2) Nosewheel steeritig 
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, (3) 'Rudder steering * 

(4) 'Engine-out effects 

(5) Bf-aking * *. ' / 
.^(65* Vd^Jerse ruriway conditions (water, ice^ etc.) 



-During the b^sic simulator acceptance (without the visual 
system), considerable effort was directed toward ground control 
evaluation using/. the compass system and the turn' and slip indi- 
cators to monitqfr simulator response. Such efforts, however, are 
.geverly handicaOTed,Tvhen no "outside world" v>aual cues 'are avail- 
able In particular, the ability to maintain'^J desired ground 
tracK (for mst^ce, the runway centerline) cannot be evaluated. 

Initial evaluation of ground con^^rol with the^sual system 
resulted m thk following major probelm areas; ^ . " 

* (1) jThe simulator was found to be slow to respond to ' 
steering inputs (nosewheel, rudder, knd differential braking). 
Considerable amounts of pilot lead were require'd to obtain and 
maintain a particular heading. ^ <. i 

(2) I The simulator" appeared to skid whenever heading' 
changes were ftiade. Not only were heading changes required to 
generate lateral ground track movement excessive, but the lateral 
movement lagged the heading and required even greater pilot lead 
to' maintain desired ground track.- ' ■ 

These problems led to an examination of the nosewheel steering/ 
castering equations and to an examination of the" 'tire side force 
generation. equations . 

Th^ T^37 nosewheel steering is activated by depressing a 
switch on .the' control stick, whi'ch allows nosewheel angle to be 
controlled via the rudder pedals. When nosewheel steering is not 
engaged, the nosewheel is free to caster. 

The following' nosewheel steering dynamic model had been in- 
stalled during the basic (non- visual) acceptance: 

The nosewheel moving .away from centered position: 

X = ^ n demanded , ,.• ' 

0.533S +1 

For nosewheel moving toward centered position: 
X z n demanded 



1.36]»S + 1 
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During visual integration^ the following steering model vas 
incorporated for all steering inputs in order to speed up the 
response of nosewheel angle: . 



n . 



n demaiided 
6.0785s + I 



In addition; the loektion of the r^osewheel steering programs 
was moved fr6m after to /just befor'e the ground reaction equations^ 
thus eliminating' a one-iteratipn delay between generation of 
nosewheel angle and its use in the ground forces and moments 
computatibns. 

The nosewheel castering model simply sets the nosewheel angle 
equal, to the angle whose tangent is the side velocity of the nose 
st-rut divided by the nose strut longitudinal velocity. Es'sent- 
ially^, the nosewheel is turned to align it with the direction in 
which the tire is traveling. The gnly change made in this area 
was to "wash out" the castering rate as the forward velocity oT 
the' tire goes to zero. 

• # 

■ The original siQ(e. force simulation wa^s as follows: 



L or R. 



0.76 [0.05^L or>Rl - -1. or R 



LIM±1.0 



• . .PZ 



L or R 



r -1 LIMil 

0.78 [o.075^J • FZ^. 



skid 



.FZ 



N 



\ 



'where: xFy. 



L or R 



lefit or right' main tire side force,, LB 
nose tire sid^ force, LB 



■^L or^R* " 1^^^ °^ right main tire slip angle, DEG 



^ ^ = nose tire slip angle, DEG 
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'^skid 
FZ. 



L or R 



= skid friction coefficient 



= left or right main S-trut 'vertical force, LB 



FZ 



N 



nose strut v&'r<tiaal force, LB 
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and 



li/T -r. " tan 
or R 



V 



*L or R' 



or R 



DEG 



4> 



N 



= tan" 



U, 



DEG 



or R 



left or right main tire lateral velocity, ft/ 



sec 



V. 



nose tire lateral velocity, ft/sec 



U 



tr " i^^^ °^ ^^^^^ "^f^^ ^i^^ longitudinal velocity, 

L or R ft/sec , . , 



,^tf^ " ^°se tire longitiidinal velocity, ft/sec 



For conditions "inside" the limits, the gain factors 



are ; 



main: (O.76) (0.05) = 6.O38 (LB-side force) 



(LB-vertical f orrce-degree) 



- 2 1774 ' (LB- side force) 

(LB-vertical force-radian) 



N.ose: (0.78) (0.075) = O.0585 



= 3.352 



(LB- side force) 



(LB- vertical f orce-degreej 



0^ 



(LB-side force) 



(LB-vertical force-radian) 



In order to improve lateral respbrise to steering inputs, the 
side,f.orce generated per. unit of slip angle was. increased. 



33 



The form of the side force computations was changed to rthe , 
following: . ' ' 



tire 



tire 



u 



tire 



radians 



tire 



L tire tirej 



LIW±/j 



skid 



PZ 



tire 



LB ' 



where the "tire" subscript may be left main, right main, or nose, 
and: ... 



N = Cornering Power, 
tire 



(LB-side force) 
(Radian) 



The arctan calls for were eliminated for computer time 
optimization purposes, and small angle approximation f or ^ in 
radians was employed. ' ' ^ 

The cornering' power curves shown in figures 5 and 6 were 
approximated from equations given in NASA Technical Report R-6k^ 
and were scaled down by the ratios of time "Vertical force at 
maximum gross weight. . . 



N. 



NOSE • 



'N 



-3640 ■ 



+ 2 



-902 - 



N 



4' > 



• N, 



L or R " 



8.6-5 F, 



^ -21,475 



>0. 



■'L or R 



+ '4.76 



-3410 - F, 



7 ' 

or R 



■(Fy , F„ ■ , N„, Nt ^"are negative numbers.) 
^N- or R / or R 
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Note that for this model the gain factors corresponding to 
those stated for the original model are: 



Main: 8 •65 



Nose-: 5.55 



, (LB-side force) / 
(LB-vertical force-radian) 
(LB-side force) 
, (LB-vertical force-radian) 



ThO^iore rapid- nosewheel steering* response combined with 
higher side force gains solved the problems associated with un- 
realistic system response lags., and eliminated most of the skid- 
ding sensations during ground maneuvers. Enough skidding sen-r 
sation remained^ however^ to be deemed unacceptable by the accept 
ance test pilots even though the simulator wa^ fully controllablj^ 
without excessive pilot effort. 

The source of the remaining skidding sensations seemed to be 
unchanged. A small amount of miscoordination^. between heading 
changes and lateral movement 'remained. In a further attempt to 
gain more side f orce ^f rom the tires^ a spring term (force pro- 
portional to lateral tire casing deflection) was added. Such a 
term already existed^ but was used only' at very low forward'^ 
speeds where the slip angle computation becomes • indeterminant. 



The format was (for each tire): 

r -1 

c ^^LIMIT ±1.0] 
St dt J Utwv 



V = true lateral velocity 



K » 1,0 



U, 



Ugl 

10- — 



LOWR LlM = 0, 



Ug = A/C longitudinal speed with respect to the ground, 
ft/sec 

= lateral .casing 'stretch factor, non-dim. 



Note that the Uij^^ term reduced from a value of 1.0 when for-* 
ward speed was zero, 'to zero at a forward speed of 8 ft/sec. 
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The side force resulting from these terms wast 



which was added to the side force resulting from the slip angie 
term. . 

The following modifications* were made: 
' 10 . 



and' [K/v.,at] LIMliotU^. 

Where: v*. includes lateral true acceleration lead terms com- 
puted from the aircraft lateral deceleration and turn accelera- 
tion, ; • ' 

Rather than reducing to zero, the stretch factors now re- 
duce in inverse proportion to forward speed, and remain present 
throughout the ground speed range. In addition, the rate of side 
force buildup is increased by the presence of acceleration lead. 

Again, the degree of 'skidding was reduced, but the problem 
was not totally eliminated. 

Finally,, the modification which solved the problem was en- 
tirely pragmatic. The location of the visual viewpoint wiTh re-^ 
spect to the aircraft center of gravity was moved forward ^ 
approximately 2 feet. The result of this change is to give great 
er lateral movement of the viewpoint when the simulated aircraft 
rotates in yaw about the center of gravity, thus compensating 
for apparent turn/lateral miscoordination. 

Spins. 

Because the T-37 aircraft is used to demonstrate spins and 
to. teach spin prevention and recovery, realistic, simulation" of 
the complete spin regime is required in the ASUPT simulation 
system. Simulation of the spin maneuver may be broken down into 
the following areas and requirements: 

(1) Entry (deliberate) - proper coordination *of r611, 
yaw, and pitch angles and rates, and proper transition from 
oscillatory to stabilized spin. * 

(2) Free spin '(rudder neutralized) - proper attitude,^ 
heading rate, and descent rate. ' ' 
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^Ut ^ • Recwery - most rapid recoveW should result 

ohly When proper recovery techniques are ap^ied. Imp^Sper 
techniques should result in either no reco?e$y or delayed 
wae?hl7or nS\'Sf3T individual control Lf lections, - 
vXn? -5^^/ ^h^yj^e ^ proper recovery sequence, -should 
reteult m dynamic effects similar to those of the T-37 air- 



.v..-;,''""".^^'^^^^^"^ ^Pin simulation should reflect proper'" 
Characteristics throughout the range of fuel loadings for which 
spins are allowed in the T-37 aircraft. " wxij.cn 

Only two types of deliberate spin entries were, considered 
siS?fd)f evaluation (inverted spin entry was Sot cSn- ' 

•«n^io iV^ entered from wings-level stall, with pitch 

angle of 30 degrees or less, by application of full rudder 
m desired spin direction. 

i^K Accelerated: entered from banked stall, with 

At the outset of visual integration, the status of ASUPT 
spin simulation was as follows: / > ■ , 

- ■ '(1) Spin entry: good 

'.. (2)« Spin with pro-spin rudder: appeared to be proper, 
excep.t airspeed indication was too high. 

(3) Free spin and recovery: unacceptable, the simu- 
lator* recovered itt^elf as soon as pro-spin rudder was removed 
■ 4 

Further investigation reveared that the simulator was not 
actually spinning, 'but -rather Was descending in a tight spiral 
•(as Idng as rudder w^s applied^) around, a fairly steeply inclined 
glide axis. The initial problem was seen to be that of obtain- 
ing proper free spin characteristics . ' 

• The data contained in Ai^ Force, Flight -T-est Center Technical 
ReporfNo. 70-9/ and T.O. lT-37B-r ^ , in addition to data pro- 
vided by the acceptance test pilots, were employed to derive the 
following stabilized fr^e ^spin characteris-tics :. 

^4 Roll angle = 0 deg.' *■. J. . . 

\- • ■ ■ 

, ' e ,± r>±t6h angXe -45 deg. .' , 



<l> ^ Q - 0 deg/sec \ 

>lf = heading rate = 1/3 turn/sec ^ '120 degf sec 

V^T^ ^ indicated airspeed 40-50 knots 

>R/C = rate of clinjib ^ 711^000 f t/min - 

a = angl^ of attack - 45 deg ^ * - 

/J = sideslip angle ^ 2 to 4 deg 

The angle of attack of -45 degrees follows from. the as- 
sumption of vertical descent (7 flight path angle— -90 de- 
grees) and: , ^ , ^ 

a = 0 - 7=-Zj.5. (-90) = 45 deg. 

•'The rate of climb is derived from the representative altitude 
Loss of 550 ft/turn taken from the Air Force Flight Test Center, 
Technical' Report No. 70t-93 and T.O. 1T-37B-1^. ' ^ 



(-550 ft/turn) (1/3 turn/sec;| (60 sec/min)= -11,000 ft/min 

\' ^ « 

The sideslip angla is approximated from the heading rate^^,^ 
descent rate, and location of the spin helix axis with respect 
to the aircraft center of gravity. The s-pin helix axis enters 
the aircraft approximately through the canopy bow intersection 
and exits through the nose wheel well, giving a distance of 
about 4 to 6 feet from the axis, to the aircraft Centei* of gravitjr- 

Va R( 1^/57.3) 
sin /J = = ' • * 

_ ^ Vp Vp . . , 

Va = lateral velocity of C.G., ft/sec 

R ■ = ,4 to 6 ft. 

ylf = 120 deg/sec 

- Vp = descent rate = -ll,OOd/6o = -I83 ft/sec 

sin j3 ^ 0.0458. to 0.0687 • 

/J ^ 2.62 to 3.93 degrees ' 
\ * - 
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>,^;>^'^'" f!"^®^ r^*?f = = 0, > - 120 deg/s-ec), the .stability 
,axis^angular .rates (pg, q^, r^) may be, competed is:. 

/ • • M 

** . . ' * • * ' 

Pg = Stability axis roll- rate =- 2.1 rad/sec^' , • .' 

.. . '^s "■ stabili'ty axis pitoh rate = £) rad/sec 

= stal5ility_ axis yaw rate 0 rad/se.c 

No;&e tHat'the pure EUler axis y^w ratefis rotated' 90 de- 
grees and becomea.pure stability axis roll.^ 'i-at4; that' is, the 
aircraf tr rotation is-'^bout the vertically oriented X stability " 



The problem -now becomes' one' of^etermihing the values of 
roll, , yaw, ^nd side force, coefficients due to beta and stability 
ax-Is rdll i^ate (stability :axis turn, rate is zero) 'which will 
solve^to zero at a,. = 450 for the given beta ^d ^oll rate Due 
to the assumption of all angular accelerations being zero, and 
because q •= 0 and T„„ is sman . inAr^+.-i^i .^,,^1.^.^ ^vL' 



%J ° ^XZ small, inert ial_ coupling is not a 

fo'^^fJj^CcS^''^-^^^!?'^ ¥^ computations. The yawing moment due 
r r applied, at a forward center gravity location (26?^ 

-C,G, .^as dssumed) was included; Th'e process was simplifie'd by 

??^f co^ff?^-.^?"'''^'''"^*' ^i^'^'y existing in the JimulSorf 
These coefficients ivere specified by -the airframe manufacturer's 

high-angle-of-attack data . (no high-angle-of-attack data i^ere 
given for angular, rate coefficients). ^ 

' • The resists of these -computations w^re values oiT C pd 
C at angle of attack 45°. The value of C showed a flow. ' 
magnitude^ but of reversed siga,.;^ile reduced, to low mag- 



S- 



■ maintained its sign. These values were incorporated 

^^"inS^''^^-^!w^>'^'^ poefficient values pi^e.viously 
used at a- -;20° and the -new coefficient values at a = 45°- 
.Because of -the 'ipanner in-* which they are programmed in the'simu- 
_ iator. It was convenient to .maintain .the .v^ue of Cn constant 

Ps 

for angles of . attack greater than 45°, but to continue^ the" 'slope 
^np versus' a for- angles of a,ttack greater than 45 degrees. 
^ s * , • 

_ .These changes resulted in the simulator entering a "flat" 
spin of very high heading 'rate at about -10 degrees pitch', and • 
. +80 degrees ^angle of attack. The r\ason for this was seen when 
total pitch moment (including inertial' coupling effects )"■ was ■ 
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plotted versus . Two zero values we:fe obtained, The.first,^ 
at as 30^, had ah unstable slope, while %he second, ata s 80^,- 
•had a stable slope • 'Ihe high-angle-of -attack pitch moment coef- 
• f icient was then recomputed in order to move the lower-angle-of- 
attack zero -point from a = 30^ to a = 45^. V/hile the simulator 
would still not stabilize at a 5 4'5^, it could be "flov/n" at 
that angle of attack by judicious use of elevator control, and 
the validity of ^ the la^:eral-direc tional coefficient changes was 
verified for 'a = '45^. ' 

^ ' I o 

Attempts to modify the pitch moment slope at a= 45 by tail- 
oring the~'high-angle-of-.atJback basj^G^ itching moment coefficient 
(^m "^s.^a ), resulted in curves which were obviously unreal, and 

therefore hot programmed. Success -was obtained by^ tailoring - 

(roll damping coefficient), thus controlling pitch. attitude 
Ps . ' * . ^ ' / ' 

throu^ the very powerful aircraft axis roll and yaw^rate in- 
ertial coupling into pitch acceleration. The technique v;aS to * 
' reduce C-i ' to near zero at a = 40^^ increase it to *the^ computed 

'^trim" value at a = 45^^ then increase the damping sharply above 
45 degrees. Thus, as a tends to reduce from 45 degrees, stability 
axis roll damping reduces and ^ stability a:;^s roll rate^ increases . 

This results in an inci^ease in both .aircraft axis roll and turn 
rates, causing a pitch-up moment through the inertial coupling 
in the pitxsh acceler^t^ion -equation, and a is driven back up toward 
45 degrees. -For a tending* to increase above 45 degrees,, the 
opposite takes place. The' stability axis roll damping increases, 
- thus reducing the stability' axis roll rate, and aircraft axis 
roll and turn rates. The amount of inertial coupling pitch-up 
is reduced, and a is driven back down toward 45 degrees. 

' '^While th^se changes .solved the free sp>n problem, they did 
not provide good recovery characteristics and had adverse ef- 
fects on entry characteristics. 

The T-37 sp'in ent;:y consists of combined pitch down and roll/ 
yaw in' the direction of applied rudder -such* that the pitch angle 
(e) passes, through min:U^& 90-d'egrees with bank angle-(0) at, or " 
.near the inverted position as 0 = -90O is , approached . The pitch 
angle then 'rises to about horizon level with roll angle at about 
zero degrees followed by several pitch/roll and yaw rate oscil- 
lations of decreasing magnitude until the stabilized spin is 
established after three to five turns. The erect entry rates 
are ^somewhat, higher than the accelerated entry rates, but' in 
neither' case does the motion appear (visually) to 6e violent. 
Rudder is normally released as soon as the establishment of a 
spin is vejrified, but pro-spin rudder (with full aft stick) has 
only relatively small effects on heading rates and attitude. 
The stick Is maintained in the full aft position until recovery. 
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. Recovery is achieved by application of full anti-spin 
rudder ajid,, one turn later, full forward stick. The rudder is 
held until rotation ceases*, and the stick is held until the air- 
craft flies out of the. stalled condition in an approximately ver- 
tical (or past vertical) dive. All recovery co^rol applications 

• are rapid. ^ 

. At entry, the simulator tended to snap-roll into the spin: - 

•; then displayed vi9lent roll, yaw, and pitch oscillations as long 

• as pro-spin rudder was held, men the rudder was neutralized, 

/Tcn?^^^"^"^^^^°^^ ^^^^^ ^° t^^^s fo reduce to small 

(-5^)0 and 6 excursions. Upon application of anti-spin rudder, 
recovery was immediate and full forward stick was not required. 

• » * 

■ The violent entry waS corrected by adjusting the roll and 
yaw beta coefficients. The original simulation of Cn (roll due" • 

to beta), exp^-essed as a function of angle of attack, contained 
a slope change at a = 8°, which resulted in very large magnitudes 
of C-^^ at high angles of attack (.40 to 50 degrees). This change 

in slope was removed thus reducing the magnitude of by a factor" 

of -about three in the spin angle of attack region. The C 

simulation contained a term, commencing at a = 11° and increasing 
in magnitude proportionately to a above 11 degrees, which caused • 
•C^^to become nonlinear with respect to beta and divergent for 

large betas.. This was also removed, and the low-angle-of -attack 
srope of C versus a was maintained in the high-angle-of-attack 

region. The effect of these changes was most apparent in the 
spin entry, where sideslip angles as high 'as 20 degrees were 
•generated, b^ rudder application. Changing changed (slightly) the 

sideslip . angles obtained to about l6 to l8 degrees, while the 

change greatly_ reduced the roll resulting from that sideslip, 

thus slowing down and smoothing out spin entry. Little effect 
^*/-as noted in the free spin, due to the much smaller sideslip 
angles and the overwhelming effects of the previously mentioned 
roll/yaw due to roll rate coefficient changes. The. recovery • , 
characteristics were improved somewhat (that is, recovery be- / 
came slightly slower) due to the reduced effectiveness of side- 
slip angle changes induced by rudder applications, but the sim- 
ulator would still recover in less than one, turn with rudder 
alone. 

This problem was approached via adjustments to the high-angle- 
of-attack roll, yaw, and side force coefficients due to rudder 

■deflection. The airframe manufacturer's data specifies values 
far these coefficients at angles of attack of minus 4 degrees and 
plus « degrees. The original simulation consisted of straight- 

•Imed functions connecting these, d^ta points and continuing, 
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with constant slope, into the higher angles of attack, 
moment and side force coefficients display slopes* of* i] 



Th^e yavj^ 
increasing!^ 

magnitude with increasing angle of attack^ v;hile the roll moment 
coefficient has a ^relatively steep slope of- de.creasing magnitude^ 
resulting in a 'reversal of sense and large magnitudes of roll 
due to rudder in th^ same direction as rudder .deflection in the 
spin angle of attack region. All three rudder coefficients pro- 
vided strong recovery tendencies^ with the roll coefficient being 
predominant. Multipliers were developed which reduced the mag-' 
nitude of eachf term as a function of angle of attack arbove 35 
degrees. A great deal, of experimentation was required to establish 
multiplier functions which would provide proper recovery char- 
acteristics while having minimum impact upon entry character- 
istics. The final functions resulted in the following rudder 
only recovery characteristics: 

Fue-l Weight Turns to Recovery (Rudder Only) 

600 lb 1 50 1.5 ^ 

IkOO lb ^ to 6 



The efforts to maintain entry characteristics while adjust- 
ing rudder coefficients to obtain proper recovery characteristics 
were not entirely successful. VJhile the erect entry was still 
acceptable^ the accelerated entry was deficient in both nose- 
down pitch and roll-off. In addit ion^ 'acceptance pilots had 
noted that the power-off and power-on stalls no longer displayed 
sufficient no$e-dov;n pitch. 

More roll-off during spin entry was obtained by increasing _ 
roll due to turn rate (C-j_ ) ats a function of angle of attack 

above 30 degrees. Also^ investigation showed that spin entries 
were improved as the high-angle-of -attack basic p-itch moment co- 
efficifent was made more negative in the 16- to 40-degree angle 
~o"f^at"tack range. The llmlation here was nose-up elevator power 



and inertial pitch effects available to drive angle' of attack 
into the spin region.* It was very easy to make c^ negative 
enough to.nrevent spin by never allowing angle of attack to reach 
the 40-' to'50-degree range. 

Basic pitch moment was then readjusted w«ith the 16- to 25- 
degree angle of attack values determined by pilot evaluation of 
stall pitch over characteristics^ tl^e 25 to 40 degree values 
determined by spin entry characteristics and the 45 degree value 
as determined previously /or free spin pitch trim.^ 

t> 

Figure 7 traces the ' evolution of high-angle-of-attack basic . 
pitch coefficient. 

44 ' . 
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During these final phases of spin work, the accectance " t 
pilots' reported several instances of inconsistin? entries and 
recoveries, including failure to enter a spin, rapid recove?v 
and failure to recoveri A complaint was also^Seived thit the 
spin'^'Se la?tp' recover f^om T^r^T 

"B" corSft ifJt PJ^^l^"^ corrected by maintenance/ (The 
adius?ed^t i^?/^^^^'' P^f^ P^d^l stop had been mis- 

pl^vlSlo^be'lJoreT^fi^u^t!^"^ ^°^^P"^ 



due Sl?L'?on'dPf-r''t^^^^J^^\^^'^^'"^^y l^^S^ magnitudes 
aue to aileron deflection (C^^ ) were present at high "angl 



of roll 
gles of 



artSe'ruJder oopf^^''''^' had been developed in the sarae manner - 
as the rudder coefficients, arid had a very large increase in 
magnitude with increasing angle of attack. A 90 percent reduction 
m C^^^ was made in the high-angle-of -attack region'and the pJo- 

PilSts^fo ^«Jr'' '^^^ ^^^^ ^ tendency for 

?i 1 make small li^efal stick movements as full rudder was 

applied- for spin entry or recovery. ruaqer was 



Two^more changes were made during spin development which 

Tre%Tort".TirtV' ■ f ? ■ ^^^^^^^-i- developmen?, of sp?^ motion, 
are important to the pilot's conception of spin chii-acteristics . 
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BASIC 




COMPUTED SPIN TRIM Cm 



LOW ANGLE OF ATTACK Cm^ O © 0 

0 Cm^ at STAftT OF VISUAL INTEGRATION - ^ 

(5) cm^ as originally written to obtain' ' ' 



SPIN PITCH TRIM 
©--FINAL Cm^ 
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Figure 7. BASIC PITCH COEFFICIENT VS. ANGLE OF ATTACK ^ 
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Tfee first was to obtain proper airspeed indications at very 
high angles of attack. The T^7 aircraft indicates ^0- to 50 
knots of airspeed in the stabilized ^spin. In the simulation 
system^ the indicated airspeed is derived from?" the * total velo- 
city vector magnitude, which is largely made of an inertial 
vertical Velocity of about l80 feet per sec6nd during the spin. 
In the 15,000 to 20,000 foot altitude range, this converts to 
an indicated airspeed of about 90 to 100 knots. Since -no high- 
angle-of-attack pitot/static system recovery data was available, 
a high-angle-of-attack indicator error function was empirically 
developed to reduce airspeed indications to the proper range* 

The second change involved elevator hinge moments. In the 
aircraft, stick forces become light and the stiek moves back 
against the full-nose-up stop during the^ spin. High-angle-of ^ 
attack functions were added to the elevator ^inge moment com- 
putations to obtain the desired results. , 

No claim is made for validity of the aerodynamic coef- 
ficients developed during the ASUPT spin evaluations. Obviously, 
most changes^ were of a gross nature, made in re:sponse to problems 
as they arose. The only justification is that the results 
were better than originally expected. While the system is con- ^ 
sidered to be usable for spin demonstrations and recovery train- 
ing, some problems are known to exist and some configurations 
" were not investigated. These are as follows: r 

(1) Attitude - The simulator presently spins at pitch 
anglers between -35 and -40 degrees with angles of attack of 
about 50 degrees. Both parameters are about 5 degrees nose 
high. 

(2) Stick - No' stick buffet is simulated for stair or 

J ^ spin. 

(3) LighA Fuel, Loads - Recovery may be tod rapid with 
■t^ fuel loads of less than 8OO pounds. 

(h) Asymmetric Puel Lpading— -Ther-e^-f-e-c-ta of wing-^ilueX-- 

•imbalance were not -investigated. 

(5) inve?$^d Spins - These were not considered. 

(6) - Nondeliberate^ Spins - Ko attempts were made to 

investiage spin entries' from accelerated or deep s,talls wj|^hout^ 

the application of rudder. - ' ^ * 

J// ^ • 

Formation Flight ^, • \ % 

The ASUPT Computer Image Generation System contains a select-' 
able data base which consists of a T-37 aircraft and limited 
ground- detail. Extensive shadings is employed to pre'sent the 
'flat t>lane surfaces stored in compute^ memory as tiurved surfaces' 
in the visual display. Detail level includes insignia, clear 
canopy with canopy^'baws , student pilot and instructor heads, 
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WW mlln.nntfr^ •P^?''® ^""^ Simulator (referred to as 
wing man)- pilot's viewpoint. Data for ipad «ttnt,,rio ov.^ v,^^-4.- 
may come from the oppbsite cockpit l"!" ipL ^""^ position 

"B" ipflrt "A^' LucKpiy A lead, B wing man, or 

£5 lead, A wing man), a time history prestored on the ^imn- 
lator computer's discpack (prestore ^ead! either "A" S"b" 
wing man) or a specially constructed emulator system consisting 
•of an attitude control stick and throttle control with similiSfd 
equations of motion programmed in the simulaSo? computer 's 
software (Emulator lead, either -"A" or "B" wing mnf «d 
dition, the effects .Of the lead ' aircraft 's Je^bSaust and wW 
downwash on the wing man's aircraft are comput^^nd added tl ^' 
the wmg man's aerodynamic f drees and morfents. ^^^^^^^^ ^° 

Since there are Ino lowejr limits on relative separation 
(m fact, midair collision c&nditions are computelf a ve?v de- 
manding simulation condition-exists: the s^SSor^not Ls 

In5^raSs!at'LSar^:??o? ^^'^^ bit^'^th^att'i^ude 

ana cranslational performance of the simulator and, unlike thP 
approach to landing situation, these references are ^aiVahlP 
■ throughout tjae simulated aircraft's fligS^ JegimS ^^^^^^^^^ 

othirf^v^Ji^%^^^ acceptance test pilots. were unable to- smo- 
othly fly m close formation with the lead model, having 
"airc^aft^';.'^'^ difficulty when the emulato? o^p^eSSf ed 
aircraft was Selected as the, lead. Problem areas noted were: 

too far bL'lnd'?hl\%':d'-£dir/^^^^'^-^ ^^^-^^^ -lending 
rates. Difficulty in judging and controlling dlosure 

justments!^^ response of the simulator to throttle ad- 

. Since problem area (3),- above, was thought possiblv to > ^vp " 
;.b|en_a^^^,c^^^p^^^ 

was obviously related through the- o^^SCTof t?ans!^S?5^Tltes 

co^%rol .roblp'f -'^f^ initially experienced a??itude''' 
control problems, work m the.se. areas was delayed until f^ttitnt^B 
control improvements could be made. - attitude 

' .Wake/wash effects, are implemented' by computing force and 
moment increments at (originally) four trailing airc?a?? w?L 

ch'aJge'rc?:a?ed^rihS -'^1^ vefo^SrScre'meftal 

cnanges -created by the -lead aircraft's jet exhaust velocitv and 

wmg downwash. The position and attitude of the trSling air- 
craft ' s wing stations relative to the .lead aircraft are foS- 
'(as1^fSJctir^J°"' aircraft's jet wake ^e^ocity 

theorv[^re s?l?ed^T'?.' ^^^^ and downwash velocity (from vortex 
rneory) are solved, at these relative positions and attitudes. 
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Wnen the^ effects were reduced^ in compliance wi\h pilot 
comment^ ^ it was found that reduction in, the number of vrin^"^ 
stations 'considered from four to two did not degrade the simu-* 
lation^ and saved a relatively large amount of valuable 
computation time (wake/wash effects are computed in a loopj, 
executed^once for each station^ and involve considerable amounts 
of computation time in determining relative position and 
attitude). . . ' 

The formation flying simulation was again evaluated by 
the acceptance test pilots after the abov^ wake/wash changes 
and attitude control improvements had been implemented. The- 
system had improved to the point of being flyabile in close for- . 
mation^ but problem areas (2) and (3) were still obvious. Pro- 
blem (2) was vastly improved by chahging iteration rates on both 
the formation flying computations and.the simulator latitude/ 
longitude modules to 15 iterations p-er second. Originally^ 
these had been computed at 7.5 iterations per second^ which 
was quite sufficient (in the case of latitude/longitude) f or ^all 
tasks except formation flying -(no noticeable improvements in 
taxiing or take off and landing performance were noted when 
these changes were made). Acceptance pilots were now able to 
fly close formation maneuvers smoothly^ with the exception of 
longitudinal positioning: throttle response was still consider- 
ed poor. 

A totally pragmatic solution was to^.add a small drag function 
computed -from the difference between- demanded engine RPM (throtr 
tie position when the engines are fire'd^ windmidling RPM when 
unfired) and actual engine RPM, thus providing thrust "lead^'. 
In addition, the thrust loss due to the thrust attentuators 
(devices which extend into the engine exhaust' stream when speed 
brakes are extended at near- idel engine speeds) was increased. 
These changes provided the desired longitudinal acceleration 
control. _ 

When pilots unfamiliar with the simulator evaluated the sys- 
tem (see section on Attitude Control), sojne' difficulty with for- 
mation flying was experienced. These problems seemed to be a. 
result' of 'attitude ccntri7l^pr'abl"^TiTS7~ ratheT^tYrsrr^d wtlcrir^mrle^ ^inr 
the formation flying simulation itself. Some diff iculty , still 
exists in jud^ging closure rates, but the lack of" fine detail 
(seams, rivets, flight control positions, etc.)' on the Visual 

lead aircraft model "may be a significant cause. - 

# * 

RECORD/PLAYBACK (R/P) ' ^ ^ " ' 

Incorporated in the basic simulator advanced training soft- 
ware is a system for recording a mission and playing it ba^ck. • 
Specifications required that this systems be capable of 90 minutes 
of recording time with fully - realistic replay at iteration ra^es 
of X. 875* (SLOW), 3-75 (NORMAL), and 7.5 per second (FAST). This 
system records, on the computer system magnetic tape, critical 
system (flight, nav/com, and advanced training) discrete and ana- 
log inputs such as flight controls., console switches, etc*, at 

"Hi 



a 3.75/secQnd rate. While NORMAL was the usual replay mode, 
SLOV/^ could be employed to 'allow an jDbserver to more closely' 
examine or feel a particular portion of the recording for pur- 
poses of evaluation or experimentation. FAST was primarily 
used to more rapidly position the re'cording to the area of 
- J"^®fest. SLOW was accomplished by halving the module inte- 

¥c.^i''?!l/f^'^T J^^'!^''^ replayed data to 1 .875/second , . 
JbAbi was done by doubling. . 

HnoJ^o^f'^'-^^K^? tweeting its requirements, this scheme pro- 
rnnftJ. ?I ^^^'^^stic playback via aircraft instruments, ■ 
controls, and the motion system. This, however, was not the 

the visual with its increased "sensitivity. 
Attitude changes were extremely jumpy and trs^nslations had ex- 
TJnlfJ TiZ^' .Therefore, this technique was not acceptable, 
ine cause of this is obvious when considering that the R/P 
system-:tras recording atid replaying only one-fourth of -the 15/ ' 
second flight system control inputs. ^ 

^ _ s ■ ' , 

The obvious solution to increasing visual playback fidelitv 
was to record data at faster rates ideally 15/second. System 
resources (time and tape space) would not, however? ailow a 

_15/second rate, but could accommodate a 7.5/second rate if the 

llZt^tTs time , Of -90 minutes was redLed to 

41? minutes. This -compromise was made. Wtware modification 
was implemented to the R/P system to increase SLOW to ^ Is 
■ t'he inW ■ f""" ^^"^^"^^ 1-5, but wi?hoi? doubling ' 

r^ated L?th^°H J^'^^'J- ^^'^ FAST'was functionally elimi-^ 
runnfA^^^ ^^t.^^^ hardware controls* af' the AIOS -remained 
functional). The result was a 50 percent increase in visual 
playback fidelity with only a noticeable stepping duJin^hfih- 
rate maneuvers and rapid flight control activl^tyf sSce hieh 

smabuf t?.iTTn',-? ^-^"'^ a minimal portion of the tSsSing 
phip 1 t^odification was^considered subjectively accept^ - 

?eco;d t^me°?i\S'^''"r from, reducing the total tape^ 

record time to 45 minutes' was that of maintaining and control- 
ling a larger R/p tape library. ^ control 

have hP^r^hrfH/?"''^.^ a, NORMAL R/P rate of 15/second' would ' 

However, since tape .resources (time- and 
space) could not meet this additional load, another larger and 

fhP hL^'^'^V^''" ^^"^^ ^^^^ b^^" necessary. Al^hoJgh 

l^L T ^^J^^T.""^^ configured with a 24-megabyte disc; it was 
already dedicated to other system 'users and'spai-e space woulS 
not accommodate the additional R/P requirements. Therefore 

oSss'ibirtT^.r' ".'f'^"'- °^ course, 'have been' 

possible to .add another disc unit since the system has this ex- 
pansion capabilityr-This, however, Woulci have required consid-' 
erabl^-more software modification, together with the cost 

gfaraSSlh^sche^JSie.'^'' '^^^ ^^^^^'^ P^: 
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SUMMARY 



The ASUPT/CIG hardw^e/sof tware integration effort^ whicli 
commenced in October of\974 and was completed in January of ' 
1975^ consisted of interfacing the basic simulator computer with 
the visual system computers^ upgrading simulator systems to pro- 
vide quality dynamic information to the visual system through- 
out all flight regimes, and total integrated system testing. 
This report provides a description of the problems encountered 
during the above integration phases. Each problem is presented 
in detail together with its solution. 

It is appareh't that some solutions have not completely re- 
solved the related problems. However, the presentation effects 
have been minimized to an acceptable levels Such solutions were 
necessitated by the economics of the situation, where a complete 
solution would be too costly. One of the purposes of a report 
such as this is to communicate to others the problems and pro- 
gress made on such endeavors so that in future undertakings 
they can address themselves to the problems described herein 
at an early stage and provide proper and complete solution. 
flfiis report fulfills that objective. 



50 ' 



REFERENCES 

, * 

1- Larson, and Terry, ASUPT-76, ASUPT Simulator/Computer 

Image Generator Integration Acceptance Test Guide, Singer- SPD, 
Binghamton, N»Y. 

1. Hickling, ASUPT-59, Interface Control Document ASUPT Simulator/ 
Computer Image Generator Integration. Singer-SPD, Binghamton, N,Y* 

3* O'Connor, F.E. , Capt. USN; Shinn, Dr. B.J.; Bunker, Dr. W.M.^ 
"Prospects, Problems and Perf ormance-A Oas^ Study. of the First 
Pilot Trainer Using CGI Visuals^^ Document No. 73ASD05, 'November 
1973. General Electric^ Co. , Daytona^Beach, Florida. 

4. Smiley, Robert F. ; Horn, Walter B. "Mechanical Properties of 
Pneumatic Tires With Special Reference to Modern Aircraft Tires," 
NASA Technical Report R-64, 1960. 

5. Fronter, Ma j . Jarry D. ; "T-37B Qualitative Spin Tests", Air Force 
Flight Test Center Technical. Report No. 70-9, April 1970. 

6. T.O. 1T-37.B-1, "USAF Series T-37B Aircraft Flight Manual".. 



( ■ 



.ERIC 



51 , 

46 



\ 




R 



0 
U 
R 
C 



AFHRL/FT TN 73-01 



ADVANCED SIMULATION 
• . • IN 
UNDERGRADUATE PILOT TRAINING 
(ASUPT) 

TECHNICAL FACT SHEET 

f By 

Frank E. Bell , III 



FLYING TRAINING DIVISION 
Williams Air Force Base, Arizona 85224 



May 1974 



LABORATORY 



AIR FORCE SYSTEMS COMMAND 

MOOKS AIK FORa lASi TiXAS 



ERJC 



f)3 ^ 



The Advanced Simulation in Undergraduate Pilot Training (ASUPT) 
program is a joint effort of two divisions of the Air Force Human 
Resources Laboratory (AFSC) being conducted under the leadership of 
the following individuals: ^ 

• Hq Air Force Human Resources Lab^r^iory, Brooks AFB, TX 

Colonel Harold E. Fischer, Coimaoder , 7 
Dr" Howard L. Parris^ Chief Scientist / 

• Flying Training Division, Williatjis AFB, AZ. / . ^ 

\Lt Colonel Dan D. Fulgham, Chief 
ior William V. Hagin, Techttcal Director 
Mr James F. Smith, Chief, Simulation Applications Branch 

• Advanced Systems Division, Wright-Patterson AFB, OH . 
Dr Gordon A. Eckstrand, Director 

Mr Carl F. McNulty, Chief, Simulation Techniques Branch 
Mr Don R. Gum, ASUPT Program Manager 

This technical summary of the system provides a ready reference 
to the capabilities of a unique Air Force training research device. 
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ADVANCED SIMULATION IN UNDERGRADUATE PILOT TRAINING (ASUPT) 

• TECHNICAL FACf SHEET , • " , 

INTRODUCTION ' - 

The information in this document has been compiled from a variety 
of sources and covers only the highlights of the ASUPT system. Readers 
interested in more technical detail and/or. in planned use of thje device 
are referred to the following reports: 

1. Taylor, R. , et al, "Study to Determine Requirements for 
Undergraduate .Pilot Training Research Simulation System (UPfRSS)", 
AFHRL-TR-68-11. ' • . 

2. Juhlin, J. A. , et al , "Study to Define the Interface and 
Options for the ASUPT Visual Simulator", AFHRL-TR-71-47. 

. 3. Gum, D. R., "Dfevelopmenrvof an Advanced Training Research 
Simulation System", Proc of the 3d Annual Psychology 1n the Air Force 
Symposium, USAFA Department of Life and/Behavioral Sciences, April 1972. 

, . * ■ - 4. Hagin, W. V., and Smith,J). F. "Advanced *Simu]ation in 
Undergraduate Pilot Training (ASUPT) Facility Utilization Plain", 
AFHRL-TR-74-43. . - ^ , . 

The m^jor components of the ASUPT system are shown in block-diagrafm 
form in Figure 1 and described* in subsequent sections.^ Together 
they constitute a complex. training research vehicle of unlimited potential 
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KINESTHETIC SIMULATION 



ONSET CUES .^i-' ; 

A synergis-tic six degree-of-freedom motion system has been selected, 
for ASUPT. Each motion platform is driven by six hydr^aulic actuators 
and has six passive actuators for safety purposes. The actuators have 
60" travel and together provide the following displacement capabilities: 

Vertical + 38". - 30" f\itch 

Lateral ± 48" Roll 

Longitudinal + 49", - 48" Yaw 

These excursions, in turn, are sufficient for onset cues (with-- 
subsequent washout) of the following magnitudes. 

Vertical t 0.8 g Pitch ± 507Sec2 

Lateral ± 0.6 g Roll "± SOVSec^ 

Longitudinal ± 0.6 g Yaw t^SOVSec^ 

Total Payload: 17,000 lbs 

Total Weight on Floor: 26,500 lbs 

SUSTAINED CUES 

The left-hand, (student's) seat in each cockpit consists of 31 
^)neumatically driven, individually controlled elements: 

Seat Pan - sixteen 4" x 4" cells 
. Back Rest - ,nine 5" x 7" cells 

Thigh Panel - three wedge-shaped cells on the outer side of 
each thigh. 

' In addition, the tension in the student's lap belt is varied by a 
small actuator. By altering the contour of the se4t pan and back rest 
in the "6-seat" and by changing the force exerted by the lap belt, the 
sustained pressures sensed in the back, buttocks, thighs, and abdomen, 
during flight are simulated. 



+30°, -20" 
±22° . 
±32° 



VISUAL SIMULATION '• • . 

...h.ltl^ cockpit -Is -virtually enclosed within the seven-channel display 
??plT^^I! (se^f'^fre 2). Each channel consists of a cathode ray tube ' 
co^UrnTft fhfiM.'"'^'"! optics (Figure 3). The^tDptical components ' 
f?ol ad^frJS? rlt\n^^' i° provide an infinity image and match the scenes 
dunHr.Jpf ?h.J II ^° produce a continuous field-of-view which essentially 
JRo ±150" horizontally and +110°, 

-40 verti^lly (Figure 4). The computer generated imaaes appear on the 

^CrS^Sf'-^^^?' "^V^"'^ °" 1°"^^'°" attitude of the ai?craf?. 
IrL^l ^ '''"'^ ""^'^"^ ^'^ ^^^^ Tt. presents relatively complex 

nJ^S^.nJ^wPn^'!:.P'ir'^^'\°''' ' '^'y field-of-view dun'hg un- 

Sf?l^b%'o!Jj§'?oSrS?rspTe"' ""^^'"^ ^''^ "-^-^^ 

fnnf! '^^r^ spherical surface 48" in diameter and subtends an 80° 
angle. Noteworthy features of the tube and its electronics ificlude 1023 

LT.nn"f^J?^^°M!v!'"'[!^'^ "^ ^° frames/second. 7 arc-minute resolution, 
and 600 foot-l^BiiVts highlight brightness. PT462, a high-efficiency 
green-tinted phospher which matches the spectral characteristics of the 
optics well, is used to produce monochrome scenes. °^ ^^^^ 

The passage of images through' the 'optics is -illustrated in Figure 5. 
I^L^m f^ifr' and filters allow the wanted (infinity) image to be 
transmitted to the pilot while extinguishing. the^ real image and multiple 
reflections. The path which the wanted image travels results "in a 

ff^ transmission efficiency is approxi- 

6 ft-lailberts ^^^^^^'^^ brighrtness seen by the pilo.t, consequently, is 

• The computer image generator (CIG) produces scenes in the fotlowing • 
manner. Each object to be displayed is modeled as a set of convex 
polygonal surfaces. Specifically, the X, Y, and Z coordinates of each ' 
vertex of the object are. stored on disc alopgjwith information associating 
the vertex with an edge, the edge with a plane polygon, and the polygon . 
^If.. 5® f^^^^' ^-fVcraft moves through the environment the computer 

extracts from mass storage only the edge data, in the imtiediate vicinity 
Of Its current position. This eliminates processing of data for objects 
.obviously too distant to be seen and allows the nunter of stored edges 
^to be many times the number of edges actually displayed. ■ 

■ The potentially.. visible edges are geometrically projected onto seven 
display planes m order to determine in which channel ea.ch is to a'ppearV 
The intersections of the edges with the scan lines are then computed, ' 
priority conflicts resolved, and ""gray shades" assigned to the individual 
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•»The ASUPT CIG is capable of disfJlaying 2000 edges, which may all 
be used in one simulator or may be shared in any desired ratio between 
both. For example, If an airwork sortie is underway in coclcpit A and 
traffic pattern practice in B, 500 edges may be processed .and displayed 
for A, 150Q for B. A and B need not be operated within any limited 
geographic region of the environment rtiodel ; each is free to fly inde- . 
pendently. Special effects such .as atmospheric haze and ceilings are 
incorporated in the System, as are three versions (day, dusk,^and ni.ght) 
of the basic model. In addition to fixed objects, the system can display 
a "moving model" (e.'g., another aircraft) for formation or one-on-one 
training. 

The delivered environment model will contain approximately 100,000- 
edges'. The local area of Williams AFB and its auxiliary field, the T-37 
contact practice areas, and a 50-mile perimeter around these regions will 
be modeled with all significant landmarks and features. ^Surface patterns 
will occupy the remaining a'rea out to the boundary of the 500 by 500 NM 
region. Both the simulator and the CIG- have been designed for eventual 
expansion to an area 1250 by 1250 NM. Changes or additions to the model 
are easy to make for research or training purposes. No other image 
generation technique shares tliis flexibility. 
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FIGURE 5 Schematic Illustration of Farrand Infinity 
In-Line Optical Dtpplay 
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COMPUTERS & ELECTRONlSS 



Labo?aSrfes (SEuljrC JS'f the Systems Engineering 

a?pf?^t?^nf In^SlS^tJ: ^ ^^^.^"^"^^^^ |or..r.al.ti^^i.ulation 

word add)''ihich*^p".'.n;"^r'"*^°" ^^'S" microsecond VuH 

?er second. ^" ' processing spee,d of 700,000 instru^^tYon^ 

» . ' • * 7 \' ' 

point. ^^^^'^^^"^ floating point operations only lOX slower thin fi\ 

Halfword instructions' which can be stored two per meiory locat\on 

1.67 ^nio^"!;J?5s"psec2nd''""°" ""i""'''^'^ '™'/^^ --"^ 
Tbe general purpose equipment is tabulated below': 




ITEM 



SIMULATOR 
(Singer) 



Central Processing Units (ea) 1 
Core Memory (words) 
Disc Memory (bytes) 
Magnetic Tape Units (ea) 

Line Printers (600 lines- per 
min) 

Card Reader/Punch (200 

cards per min read, 100 

carJs per min punch) 
Teletypewriter (ea) 



•96K 

24 Million 
2 
1 

1 



IMAGE GENERATOR 
(General Electric) 

2 

32K 

16.8 Million 

1 

1 

1 



1 



The special purpose computer is a hard-wired device which oerform? 

.Lnt'd'atl"^ ^o'^fj'f "^^^"^^^ *° trarlsfom the'eni 

JhirtipJh , ^^'■} PfPPective images on all fourteen CRTs every 
;! ^ sixteen racks include 152.000 32-bit words 

of dedicated core memory and over 120,000 integrated circuits 
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TUoK independe;it sets of electronics contain tW6 sv^feep and function 
»neratars, vtded and deflectibn amplifiecs^-andypower supplies which 
Irl ve thev'CRTs. 



ructqrXoperator stations 




1 inputs to each simulator 
ator stations. These, 
in-bockpit,, and advanced 



/ 



ity has tfie capability for cont 
'"ferent types of insfeructor/op 
ferr^d to ^s the convention 

- /' ^ 

InstructoH/ojeratclr A'tation (^lOS) contains a 1^ 
, disf)l ays, recorder/, instrumei 
to set up J control J/and monitoy| 
stinguishing [featu^ of the XIO; 



int 



truments arid mana 
ission siraulator/^ 



insertion on 



lights and/other 
simulated /train- 
is that it uicilizes 
tra'Ining conditions 



[in-cdckpit iAstructor/dp^ratGr statioh (ICiCjS) is located to the 
) the] instructor pilot'^ seat. | Its position is such thdt it may 
ded from the| student's s- gjft v^hen the instructor pilotMs in the 
Th^ ICIOS iconsole coAsj/ts of} a small CRT display, i keyboard 
s, and several switchfesLf From this sta/tionl the instructor can 
witn the cpiputer to cajll up malfunctions, performance demon- 
ahd all pther^^dvancep trairjing capaoilit; es. When solo, the 
111 beyabJe! to ske the in-cockpit con/ole CffT and/me^y be supplied 
rmjaition on this ai splay. 



Thfe ac 
four? cpmpi 
either sii 
instructor] 
color alphc 



jnced ynstructor/6[ierator station (AIOS) contains a keyboard, 
jr driven G^RT's, alsiick for providing control inputs to 
(ator,; and other efauipment required to implement the advanced 
)rovi^ions described below. Two of the CRT's display seven 
lnume]^ic.informati:on in a raster scan format. 'The other two 
can alio prk>yide/\alpha numeric characteris, but are designed for graphic 
infonnition| such as navigation, charts , GCA approaches^ and lead and 
wing^ aircraft s;{tuation display for formation or one-on-one training; 
thes6 CRT's I use a stroke, scan rormat. Any information. available at the 
CfOS'can be 1 reformatted and displayed on an AIOS CRT* In addition, virtu- 
ally any parameter in the computer can be called up for display. For 
example, a real-time plot of airspeed vs altitude during final approach 
can be generated and displayed along with a prestored plot of the ideal, 
approach. A hard copy can be produced to usfe when debriefing ttje student- 
final ly, the AIOS is located immediately adjacent to one of the, conventional 
'stations to permit the study of potential console designs which contain 
a mixture of standard and advanced instructional festures.. In this mode, 
the console is termed the combined lOS. 
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Tw i^^^ are* three video. monitors , jone providing a closed circuit 

Ili^^J °! the student in the cockpU and the other two displaying 
selectable channels of his visual scene. f j » 

ADVANCED INSTRUCTIONAL FEATURES , ' * • • 

/ The ASUPT research facility has extensive capabilities involving ^ * 
Instructional techniques, some of which are not now available in conven- 
tional simulators. These capabilities indlude: Selective task' sequencing; 
^anable task difficulty and complexity; selective malfunction insertion; 
rreeze; rapid reinitialization; automated demonstration; knowledge of' 

^"^ self cortfrontation. Following is a brief discussion of each 
jof th^se capabilities.\ 

li Task Sequencing. 

There are four methods of sequencing possible': Instructor 
Directed Manual (IDM); StudeniDirected Manual (SDM); Explicit Ordered 
Automatic (EOA); and Computer OVde red Automatic (COA). In IDM, the 
instructor pilot (IP) selects thKnext task .depending upon the student's 
Thl c^il?^"^!' required accomplishments., and in general, the IP's judgment. 
The SDM mode allows, each student toXselect the tasks in an order satis- 
factory to hims,elf. This presupposed a knowledge of required elements ' 
and their interrelationships, but it has a sound basis in learning techno- 
logy. EOA permits preprogramming of task sequence prior <tq a sortie. 
This mode provides the i/istrugtor orsexperimenter with a fixed task order 
for a group of students; such a'n arrangement is mandatory for rigid 
experimental control. COA is the ultimate approach: the computer selects 
the sequence based on task importance, difficulty level, student ability 
and previous performance to provide optimum. individua] sequencing. 

, ?• 'Task Difficulty and Complexity. Any giVen tas(k may have several 
leyels of difficulty and complexity. These variables ^are dependent on - 
four factors. - 

■ - ■ . ' 

' 3. Degrees of F reedom of Motion . Aircraft motion is a. confcination 
of. displacements m six dlmefrsions: longitudinal, lateral, vertical, rol'l , 
pitchy and yaw movements. Simulated aircraft movement can be restricted 
to any combination of the six degrees -of- freedom desired. 

b. Aerodynami% Response . The simulator allows for variation of 
aircraft response to control movements. For example, stability could be 
qecreased to inct:ease task difficulty. 



ERIC 



6^2 



c. Malfunction Insertion . The type and number o-f malfunctions 
determine task loading and therefore Influence overall task complexity 
and difficulty. ' ,-' 



'd', " Envi ronmfental ^Factors . Wind velocity and direction, tempera- 
ture, and turbulence affect maneuver difficulty. \ ' | 

3. Malfunction Insertion. The inclusion of malfunctionsl (s1mulate\i 
emergencies) into .training may be accomplished. one of three ways: 



a: Direct - immediate initiation, performed from any 
locatio'n.' - 



instructor 



i ■ b. Automati c/Explicit - insertion into the mission when 'a pre- 
determined set of conditions occur. 

c. Automatic/Probabilistic - insertion into the mission as a 
function of several parameters, onec-of which is random. 

4. Fre&ze. 

The freeze mode is similar to existing simulator capabilities. 
Its selection by the' student, instructor, or experimenter stops the 
simulator; all instruments and visual displays stop in their position. ^ ' " 
This capability gives the student time to catch -Up, lets the instructor's 
briefing remain currervt with the aircraft, or lets h'im emphasize a particular 
point. ' " • ■• ' . , , 

t 

5. Reinitialization. 

This is the ability of the system to' place the simulated aircraft 
at«a particular point in space and with a given configuration without 
"flying" it there. For example, in learning the turn to-final the stu- 
dent can start from the downwind, fly to touchdown, reinitialize back to 
the downwind, and. attempt it again. This permits maximum practice ofr 
the prescribed maneuver in the al lotted time. , .. 

6. Automatic Demonstration. * " 

This capability permits the student, instructor, or experimenter 
to call for the .demonstration of a selected maneuver or a part thereof. 
"Perfect" maneuvers will be recorded and stored for this use. Playback 
will involve alJ motion cues, instrument readings, and visual scenes of 
the total simulator system. Recorded audio instruction ^ynchrom^e'd 
with the visual display will acco-tnpany the playback when desired. Portions 
of the maneuver can also be selected for maximum flexibility. Ttiis • ^ 
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capability ^-llows standardization of maneuvers and instructional techni- 
qaes. In'additipn, it permits students to see and then practfce, without 
an instructor* present. « . 

7; Knowledge of Results. 

• Students can be provided knowledge of results (KR) on their 
P^JJ"!?"^?.!'^ several ways. Available techniques Include performance 
.pi^DacK, CRT presentation, alpha numeric score, audio message, or anv 
coirbinatidn of .these. • 

♦ # * ' • 

8. Self-ednfrontatlon (SC). . . 

1 'u Pfr^^^s J:he Student to examine his own performance through a' 
playback of that performince using all systems Including stick-, throttles 
and rudder. This playback can be presented- In sl«v, real, or fast time 
(except motion) for den^nstratlon and KR. Such sel-f-observation enables 
the student to evaluate his behavior from a more objective position and 
ts expected to lead to large behavior changes in short periods 'of time. 
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